Detailed information on solar radiation characteristics on Mars are necessary for effective design of future planned solar energy systems operating on the surface of Mars. In this paper we present a procedure and solar radiation related data from which the diurnally and daily variation of the global, direct beam and diffuse insolation on Mars are calculated. The radiation data are based on measured optical depth of the Martian atmosphere derived from images taken of the sun with a special diode on the Viking Lander cameras; and computation based on multiple wavelength and multiple scattering of the solar radiation. This work is an update to NASA TM-102299 and includes a refinement of the solar radiation model.
INTRODUCTION
Missions to the Martian surface will require electric power. Of the several possibilities, photovoltaic power systems can offer many advantages, including high power to weight, modularity, scalability, and a long history of successful application in space. To design a photovoltaic system, detailed information on solar radiation data on the Martian surface is necessary to allow more accurate estimates of photovoltaic power system size and mass in system analysis and trade-off studies of relevant technology options.
This report is an update to NASA TM-102299 (ref. 1) and to the paper (ref. 2) on "Solar Radiation on Mars." We present a procedure and solar radiation data from which the diurnally and daily variation of the global, direct beam and diffuse insolation are calculated. The calculation of these quantities became possible wi th the introduction of the "normalized net solar flux function" based on multiple wavelength and mul tiple scattering of the solar radiation. The solar radiation data presented in this report pertain again to the two Viking Lander locations VL1 (22.3 0 N, 47.9 0 W) and VL2 (47.7 0 N, 225.7 0 W). This update report include a refinement of the solar radiation model. The opacities at the two Viking Landers were updated, the net solar flux function was extended for albedo 0.4, and an analytical expression for the net solar flux function was formulated. In addition, the solar radiation calculations were extended to include the daylight hours and the daily insolation on a horizontal surface for a Martian year calculated for each 5° of areocentric longitudes.
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OPTI CAL DEPTH
The most direct and probably most reliable estimates of opacity are those derived from Viking Lander imaging of the Sun. Figures 1 and 2 show the seasonal variation of the normal-incidence of the optical depth at the Viking Lander locations VL1 and VL2, respectively. The season is indicated by the value of Ls areocentric longitude of the Sun, measured in the orbital plane of the planet from its vernal equinox, Ls = 0°. Figures 1 and 2 were derived from (ref. 3 ) and were discretized for each 5° (see measured and discretized). The optical depth is assumed to remain constant throughout the day. Opacities are minimum during the northern spring (Ls = 0° to 90°) and summer (Ls = BO° to 180°), and maximum during southern spring (Ls = 180° to 270°) and summer (Ls = 270° to 360°), the seasons during which most local and major dust storms occur. When dust storms are not present, the optical depth is typically about 0.5. Two global dust storms occurred during the periods of each observatilon as indicated by the high values of the optical depth (they are lower boUnd values). Figures 3 and 4 show the variation of the optical depth of figures 1 and 2 in greater detail.
DUST STORMS
Observation from Earth, from orbit around Mars, and from the surface of the planet itself have shown that airborne dust is a highly variable and thermodynamically significant component of the Martian atmosphere. Martian dust plays a key role in determining the current climate of Mars, and is suspected of having a major influence on the evolution of the surface and the history of cl ima,tic condi tions on the planet. Airborne dust may be transported over short or long distance depending upon regional meteorological conditions. Dust is raised from the surface into the atmosphere, and when certain conditions are met, it may be translated into local or global dust storms. The spacial distribution of dust storms and of changes in surface albedo suggest that dust can be removed from the surface almost anywhere on the planet. There may be long periods when little dust moves at all at some locations, while there appear to be other regions where dust is raised more frequently. Many of the parameters controlling the loeat ion, severity, and frequencyof dust-raising activi ty are not well understood. The classical view is that dust storm activi ty is correlated with a general intensification of winds around the time of maximum insolation, near southern summer solstice and perihelion. Dust storms are distinguished as minor or major storms, the former being localized clouds that remain locally and dissipate in a few days or so. Major dust storms are also called" global" or "great!! storms and are classi f ied as regional or planetencircling storms. Local storms appear to play an important role in initiating the global storms. The thermodynamics of local storm generation and the mechanisms by which local storms become planet-recircling storms remain obscure. During the planet-encircling dust storms, dust is raised and spread over much of the planet for many Martian days (sols), and eventually falls to the surface. The direction of the dust transport of these storms is that dust is moved about within the southern hemisphere or from the south to the north over several weeks. The atmospheric dust decreases the amount of insolation reaching the surface, increases the infrared atmosphere heat flux, and absorb radiation emitted by the surface. The intensity of the dust storms are defined in terms of the optical depth of the Martian atmosphere. From a photovoltaic: system design point of view, the intensity, frequency, and duration of these 2 
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Global Dust Storms (Regional and Planet-Encircling Dust Storms)
The regional and planet-encircling dust storms are defined as:
Regional: regional in area, with the long axis of the affected area, >2000 km, but did not encircle the planet.
Planet-encircling: area affected encircled the planet, usually in the east-west direction. Storm cover much of one or both hemisphere Their characteristics are:
• One or more dust storms of regional or larger size can occur in any given Mars year. When they do occur, there is significant variation in their duration, areal extent and general opacity.
• There are many Mars years in which no planet-encircling dust storm has occurred; less frequently, there may be years in which not even regional storms occur.
• The relat i vely rare planet,-enci rcling storms may have occurred more frequently during the last two decades (the period of spacecraft exploration of Mars!) than earlier in the century; these storms all occurred within 90 0 Ls of perihelion.
• The duration of these dust storms may vary from 35 to 70 days or more.
• The storms begin near perihelion, when solar radiation is maximum (southern spring and summer) in the southern mid-latitude.
• The first global dust storm observed by the Viking Landers (1977) spread from a latitude of 40 0 S to a latitude 48 0 N in about 5 to 6 days.
• The opacity of the atmosphere during the global dust storms is greater than 1. Local Dust Storms
• Local dust storms occur at almost all latitudes and throughout the year. However, they have observed to occur most frequently in the approximate latitude belt 10 S, with more dust clouds seen in the south than in the north, the majority of which occurred during southern spring. 3 storms may be viewed as "partially cloudy" and "cloudy" days for which additional energy storage must be taken into account.' The characteristics of the global and local dust storms are discussed in the following subsections.
• Local dust storms occur at almost all latitudes and throughout the year. However, they have observed to occur most frequently in the approximate latitude belt 10 S, with more dust clouds seen in the south than in the north, the majority of which occurred during southern spring. 3 • Based on Viking orbiter observations, it is estimated that approximately 100 local storms occur in a given Martian year.
• Local dust storms last a few days.
SURFACE ALBEDO
The albedo of a surface is a measure of the incident solar radiation reflected by the surface. The albedo behavior of Mars was measured by the Viking infrared thermal mapper (IRTM) instruments in the range of 0.3 to 3.0 ~ (ref. 4) . Global dust storms on Mars plays an important role in the depos.ition and removal of fine dust materials. The major variation in albedo were associated with the two global dust storms of 1977. During the seasons that are free of global dust storms, the observed albedo was reasonably uniform. Between the two storms, the atmosphere cleared substantially with many southern hemisphere regions returning to their prestorm albedos. The northern hemisphere atmosphere retained dust longer during the decay phase of the storms than the southern hemisphere. Southern hemisphere dark regions were not measurably brighter following the global storm suggesting little net deposition of dust (rate less than 0.15 -1.5 ~/year). In contrast, the northern hemisphere dark regions of Syrtis Major and Acidalia Planitia were measurably brighter following the storms, indicating a deposition of dust. These surfaces sl\bsequently darkened over the following months returning to prestorm albedo values. Dust is also deposited in bright, low-inertia regions (at a rate a few to -45 ~/year), where it remains. Remote sensing observations indicate that major dust deposits are currently located in three northern equatorial regions: Tharsis, Arabia and Elysium. They are covered by fine (-2 to 40 ~) bright (albedo >0.27) particles.
Considering solar collectors operation on the Martian surface in the context of dust deposition on the collectors and the change in the nearby surface albedo, we may take into account the following: the amount of solar radiation at perihelion and maximum wind velocities occur in the south causing storm initiation, whereas regional dust deposition occur in the north suggesting net transport of dust from south to north. "In the south, very small amounts of dust are deposited, whereas in the north there are regional dust deposits remaining on the surface for a length of time (few months), and there ar'e regions where the dust accumulate and remain.
SOLAR RADIATION AT THE TOP OF MARS ATMOSPHERE
The variation of the solar radiation at the top of the Mars atmosphere is governed by the location of Mars in its orbit and by the solar zenith angle. The solar radiation is direct beam radiation. The beam irradiance, in W/m2, is given by:
where S is the solar constant at the mean Sun-Earth distance of 1 AU, i.e., S = 1371 W/m2; r is the instantaneous Sun-Mars distance in AU (heliocentric distance) given by (ref. 5): 4 • Based on Viking orbiter observations, it is estimated that approximately 100 local storms occur in a given Martian year.
SURFACE ALBEDO
Considering solar collectors operation on the Martian surface in the context of dust deposition on the collectors and the change in the nearby surface albedo, we may take into account the following: the amount of solar radiation at perihelion and maximum wind velocities occur in the south causing storm initiation, whereas regional dust deposition occur in the north suggesting net transport of dust from south to north. "In the south, very small amounts of dust are deposited, whereas in the north there are regional dust deposits remaining on the surface for a length of time (few months), and there ar'e regions where the dust accumulate and remain. 1 + e cos 9 (2 ) where a is the Mars semi-major axis in AU, and e is the Mars eccentricity, i.e., e = 0.093377; and 9 is the true anomaly given by: 9 = L -248° s (3) where Ls is the areocentric longitude and 248° is the areocentric longitude of Mars perihelion. The Sun-Mars mean distance in astronomical units (AU) is 1 (1) to (3) . (4) and is shown in figure 5 .
SOLAR RADIATION ON THE SURFACE OF MARS
The variation of the solar radiation on the Martian surface is governed by three factors: (1) the Mars-Sun distance, (2) solar zenith angle, and (3) the opacity of the Martian atmosphere. The global solar irradiance G is the sum of the direct beam irradiance Gb, the diffuse irradiance Gd, and the albedo Gal: (5) The direct beam irradiance on the Martian surface normal to the solar rays is related by Beer's law to the optical depth, ~, of the intervening atmospheric haze:
where m(z) is the air mass determined by the zenith angle z, and can be approximated, for zenith angles up to about 80°, by: m(z) ::; _1_ (7) cos z
The zenith angle of the incident solar radiation is given by: cos z = sin ~ sin 0 + cos ~ cos 0 cos W (8) where 5 r = a(1 _e
)
1 + e cos 9 (2 ) where a is the Mars semi-major axis in AU, and e is the Mars eccentricity, i.e., e = 0.093377; and 9 is the true anomaly given by: 9 = L -248° s (3) where Ls is the areocentric longitude and 248° is the areocentric longitude of Mars perihelion. The Sun-Mars mean distance in astronomical units (AU) is 1 (1) to (3) . (4) and is shown in figure 5 .
SOLAR RADIATION ON THE SURFACE OF MARS
The zenith angle of the incident solar radiation is given by: The solar declination angle is given by: sin S = sin 00 sin Ls (9) where &0 = 24.936° is the Mars obliquity of rotation axis. The variation of the solar declination angle is shown in figure 6 . The four seasons perta.in here to the'northern hemisphere, the reverse is true in the southern hemisphere. The ratio of Mars to Earth length of day is 24.65/24. It is convenient, for calculation purposes, to define a Mars hour, H, by dividing theMartian day (sol) into 24,hr. Using the same relationship between the Ma.rs solar time T and the hour angle as for the Earth, we write:
This is shwon in figure 7 . The final solar radiation results can then be adjusted by the above ratio to correspond to actual (terrestrial) time. The sunset hour angle is given by (ref. 
The solar irradiance on a horizontal Martian surface (Gal 0) is given by:
where:
Gh global irradiance on a horizontal surface Gbh direct beam irradiance on a horizontal surface Gdh diffuse irradiance on a horizontal surface
The diffuse irradiance of the Martian atmosphere may be a result of a different mechanism than that for the Earth atmosphere, nevertheless, to a first approximation, we will apply equation (16) The solar declination angle is given by: sin S = sin 00 sin Ls (9) where &0 = 24.936° is the Mars obliquity of rotation axis. The variation of the solar declination angle is shown in figure 6 . The four seasons perta.in here to the'northern hemisphere, the reverse is true in the southern hemisphere. The ratio of Mars to Earth length of day is 24.65/24. It is convenient, for calculation purposes, to define a Mars hour, H, by dividing theMartian day (sol) into 24,hr. Using the same relationship between the Ma.rs solar time T and the hour angle as for the Earth, we write:
The diffuse irradiance of the Martian atmosphere may be a result of a different mechanism than that for the Earth atmosphere, nevertheless, to a first approximation, we will apply equation (16) as for Earth-terrestrial calculations. 6 The global irradiance Gh on a horizontal surface is given by:
where "al" is the albedo, and f(z, 
i=O j=O k=O (18) where p(i,j,k) are the coefficients of the polynomial given in table III. These coefficients were obtained from fitting equation (18) to the data in tables I and II based on the criteria of least square error. The mean error is about 0.7 percent for the full range. For zenith angles up to 40° the error is much smaller. The largest error is for zenith angle of 80° and 85° and for 't greater than 5. The maximum error is about 7 percent. At these large angles and opacities, the error has a minor effect on the calculated daily insolation.
Using equations (6) and (7), the beam irradiance Gbh on a horizontal surface is given by: G bh = Gob cos z exp (c~~ z) (19) and the diffuse irradiance is obtained by subtracting the beam from the global irradiances (eqs. (17) and (19)). Figures 10 to 12 describe the variation of the global, beam and diffuse irradiances, respectively, on a horizontal Martian surface; and are given in pairs as functions of the optical depth 't and zenith angle z. The irradiances were calculated based on table I data and the mean irradiance of 590 W/m 2 • The variation of the global irradiance Gh, equation (17) is shown in figures 10(a) and (b). The beam irradiance Gbh is obtained using equation (19) and is shown in figures 11(a) and (b). The beam irradiance shows a sharp decrease with increasing of the optical depth, and a relative moderate decrease with increasing of the zenith angle. The diffuse irradiance Gdh is shown in figures 12(a) and (b). The diffuse irradiance shows a sliding maximum with the variation of the zenith angle. 7 The global irradiance Gh on a horizontal surface is given by:
Using equations (6) and (7), the beam irradiance Gbh on a horizontal surface is given by: G bh = Gob cos z exp (c~~ z) (19) and the diffuse irradiance is obtained by subtracting the beam from the global irradiances (eqs. (17) and (19) The actual (terrestrial) number of daylight hours, hr, is obtained by multiplying equation (15) . by the ratio 24.65/24. These are given in table IV for different latitudes $ and areocentric longitudes L s ' and are also shown in figures 13(a) and (b).
The solar radiation (global, beam and diffuse) variation (diurnally and daily) can be calculated based on the preceding equations and the f(z,~,al) table data. For a given Ls and $, one can calculate the variation of the zenith angle z as function of the Mars solar time T using equations (8) to (10). Referring to figures 3 and 4 for the given L s ' the opt ical depth ~ is determined. With tables I and II and equations (16), (17) and (19) fig. 3 ). The figures show clearly that at high opacity, the diffuse component dominates the solar radiation. The daily global insolation Hh, beam isolation Hb and diffuse isolation Hd can be calculated by integrating the irradiances over the period from sunrise to sunset. Table V gives the daily isolation (global, beam and diffuse) on a horizontal surface, in Whr/m2-day at VLl and VL2 for albedo = 0.1 for 72 areocentric longitudes covering a Martian year. The variation of the daily global isolation of table V is shown in figure 15 .
CONCLUSIONS .
Effective design and utilization of solar energy depend to a large extent on adequate knowledge of solar radiation characteristics in the region of solar energy system operation. In this paper we presented a procedure and solar radiation related data from which the diurnally and dai ly variation of insolation on Mars were calculated. This includes the global, beam and diffuse insolation on a horizontal surface, from which any desired solar radiation quantity can be derived for an engineering design. The global insolation on the surface of Mars was derived based on the normalized net solar flux function f(z,~,al); the beam insolation was determined by Beer's law relating the isolation to the optical depth of the Martian atmosphere; and the diffuse insolation was calculated as the difference between the global and the beam insolation. The optical depths were measured at the two Viking lander locations, but can also be used, to the first approximation, for other locations.
Of major concern are the dust storms, which have been observed to occur on local as well as on global scales, and their effect on solar array output. In general, the assump.tion has been that global storms would reduce solar anay output essentially to zero, because the opaci ty of the atmosphere may riS(~ to values ranging from 3 to 9, depending on the severity of the storm. The two. global dust storms that were observed in 1977 and the opacities measured by the two Viking Lander cameras, as seen in figures 3 and 4, may be considered as one of the worst years of dust activities on Mars. Even though, the opacities are relatively low during the northern spring and summer for more than a half Martian year or more than a terrestrial year (ref. 1) for which the insolation is relatively high varying from about 2 to 4 kWhr/m2-day. It should also be noted 8 The actual (terrestrial) number of daylight hours, hr, is obtained by multiplying equation (15) . by the ratio 24.65/24. These are given in table IV for different latitudes $ and areocentric longitudes L s ' and are also shown in figures 13(a) and (b).
The solar radiation (global, beam and diffuse) variation (diurnally and daily) can be calculated based on the preceding equations and the f(z,~,al) table data. For a given Ls and $, one can calculate the variation of the zenith angle z as function of the Mars solar time T using equations (8) to (10). Referring to figures 3 and 4 for the given L s ' the opt ical depth ~ is determined. With tables I and II and equations (16), (17) and (19) fig. 3) . The figures show clearly that at high opacity, the diffuse component dominates the solar radiation. The daily global insolation Hh, beam isolation Hb and diffuse isolation Hd can be calculated by integrating the irradiances over the period from sunrise to sunset. Table V gives the daily isolation (global, beam and diffuse) on a horizontal surface, in Whr/m2-day at VLl and VL2 for albedo = 0.1 for 72 areocentric longitudes covering a Martian year. The variation of the daily global isolation of table V is shown in figure 15 .
Of major concern are the dust storms, which have been observed to occur on local as well as on global scales, and their effect on solar array output. In general, the assump.tion has been that global storms would reduce solar anay output essentially to zero, because the opaci ty of the atmosphere may riS(~ to values ranging from 3 to 9, depending on the severity of the storm. The two. global dust storms that were observed in 1977 and the opacities measured by the two Viking Lander cameras, as seen in figures 3 and 4, may be considered as one of the worst years of dust activities on Mars. Even though, the opacities are relatively low during the northern spring and summer for more than a half Martian year or more than a terrestrial year (ref. 1) for which the insolation is relatively high varying from about 2 to 4 kWhr/m2-day. It should also be noted that there are many Mars years in which no planet-encircling dust storm has occurred; less frequently, there may be years in which not even regional storms occur. One of the most important resul ts of this study is that there is a large diffuse component of the solar insolation, even at high opacity, so that solar energy system operation is still possible. '
This report is an update to report NASA TM-l02299 and includes a refinement of the solar radiation model. In particularly, the refinement pertains to the extension of the net solar flux function to albedo 0.4; the extension of this function to intermediate values of opacities; and the possibility of using the net solar flux function of albedo varying from 0.1 to 0.4. ... 
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